subsequently by the floor plate (reviewed in Jessell, 2000). Shh acts in a concentration-dependent manner to both induce the expression of some homeodomain proteins (e.g., Nkx2.2 and Nkx6.1) and repress that of others (e.g., Pax6, Irx3, Dbx2). The expression of specific Raffaella Scardigli, Carol Schuurmans, Gé rard Gradwohl, and Franç ois Guillemot 
and is restricted to sensory neuron progenitors. A role
Results for the Ngns in the specification of sensory neuron pheAnalysis of Ngn2 cis-Regulatory Elements notypes has been proposed based on forced expression in Transgenic Mice experiments in chicken embryos that result in the ecWe have initiated a study of the mechanisms regulating topic expression of sensory neuron-specific markers in the expression of Ngn2, with the goal of identifying reguneural and mesodermal cells (Perez et al., 1999) . Mash1 latory pathways responsible for the spatial and temporal and the Ngns are also expressed in a complementary control of neurogenesis. As a first step toward the identimanner in the CNS (Sommer et al., 1996; Fode et al., fication of Ngn2 regulatory sequences, we sequenced 2000). In the forebrain, Mash1 is expressed at higher a 16.5 kb genomic clone that included the 792 bp open levels in ventral progenitors, and when misexpressed reading frame of Ngn2, 9.2 kb of 5Ј sequence, and 6.5 dorsally, it induces the ectopic expression of ventralkb of 3Ј sequence ( Figure 1A ). specific genes such as GAD67, which encodes for a
The conservation across species of noncoding sebiosynthetic enzyme for the neurotransmitter GABA quences in the vicinity of a gene frequently marks the (Fode et al., 2000) . These studies thus strongly suggest presence of regulatory elements. We thus compared the that the expression of distinct bHLH genes in different genomic sequences of mouse and human Ngn2 (see progenitor populations leads to the diversification of Experimental Procedures). The translated regions of the neuronal types. The control of bHLH gene expression mouse and human genes show 87% similarity. A number is therefore an important step in the process of cell type of clusters of remarkably high nucleotide sequence conspecification in the nervous system. servation (81% to 94%) were also found outside the In the spinal cord, the ventricular zone can be subdicoding region ( Figure 1A ). These conserved domains vided into a number of discrete DV domains based on cover a total of 3.8 kb and are scattered throughout the expression of bHLH genes. For example, Ngn3 is ex-16.5 kb of genomic sequence we analyzed, suggesting pressed in a ventral domain adjacent to the floor plate, that elements involved in Ngn2 regulation may be loNgn1 and Ngn2 are expressed throughout most of the cated both 5Ј and 3Ј of the gene. basal plate, Mash1 is expressed in a large part of the To begin to characterize the cis-regulatory elements alar plate, and Math1 is expressed in a dorsal domain controlling the expression of Ngn2 in the embryonic adjacent to the roof plate (Gradwohl et The four enhancers that we have defined failed to drive LacZ expression in the PNS, where Ngn2 is expressed in showed LacZ expression in the diencephalon, and two out of three embryos also showed expression in a narthe dorsal root ganglia (DRG) and epibranchial placodes . In contrast, these enhancers drive row stripe in the ventral spinal cord and hindbrain, and in a broad region of the dorsal hindbrain (Figures 1B reporter gene expression in essentially the entire endogenous Ngn2 domain in the CNS. To begin to examine and 2E). With the exception of ectopic ␤-gal activity in the rostral hindbrain and dorsal mesencephalon in the signals that may regulate Ngn2 expression, we focused our attention on the activities of the enhancers E3::LacZ and E4::LacZ transgenic embryos, all four enhancers drove ␤-gal expression in regions of the neural in the ventral spinal cord. tube that were also expressing ␤-gal in Ngn2
KILacZ embryos (Figure 2A (FigFigure 3G ). ure 3J).
To further characterize the progenitor populations in which Ngn2 enhancers are active, we examined the Pax6 Function Is Required for the Activity of Several Ngn2 Enhancers types of neurons that these progenitors give rise to by using the ␤-gal protein as a short-term lineage tracer.
The above results suggested that expression of Ngn2 in the ventral spinal cord is established in a modular We compared ␤-gal expression with the expression of 
AЈ). Transverse sections through the same embryos at cranial level (B and BЈ). Ngn2 expression is missing from the spinal cord, hindbrain, and dorsal telencephalon in the Sey mutant embryo (arrowhead in [AЈ]). In the spinal cord, the dorsal domain and the dorsal-most part of the ventral domain of Ngn2 expression are particularly affected (arrowheads in [BЈ]). LacZ expression from the E1::LacZ transgene in wild-type (C) and Sey mutant backgrounds (C') at E10.5. Transverse sections of the same embryos at cranial level (D and DЈ). E1 enhancer activity is missing from the ventral spinal cord, dorsal telencephalon, and caudal diencephalon of Pax6 mutants (full arrowheads in [CЈ] and [DЈ]), while E1 is activated ectopically in the dorsal spinal cord at brachial level (empty arrowhead in [CЈ]). LacZ expression from the E2::LacZ transgene in wild-type (E and F) and Sey mutant (EЈ and FЈ) backgrounds at E10.5. In the absence of Pax6, E2 enhancer activity is reduced in the ventral spinal cord (full arrowhead in [EЈ] and [FЈ]) and is ectopically activated dorsally (empty arrowhead in [FЈ]). LacZ expression from the E3::LacZ transgene in wild-type (G and H) and Sey (GЈ and HЈ) mutant backgrounds at E10.5. There is a reduction of E3 enhancer activity in the dorsal spinal cord (full arrowhead in [GЈ] and [HЈ]) and an expansion of its activity ventrally (empty arrowhead in [HЈ]). The arrow in (

